Summary
Introduction
It is well recognized that tissue damage, particularly of the liver, occurs in patients with either primary or secondary iron-overload. Iron has been shown to accumulate as ferritin and haemosiderin in secondary lysosomes (Iancu & Neustein, 1977; Peters, Selden & Seymour, 1977; Selden, Owen, Hopkms & Peters, 1980) and we have found that the integrity of the lysosomal membrane is selectively damaged in these patients (Peters & Seymour, 1976) . Successful removal of the iron by venesection in patients with primary haemochromatosis leads to restoration of normal lysosomal integrity (Seymour & Peters, 1978) .
In liver biopsies from patients with ironoverload, haemosiderin is the major iron protein (Selden et al., 1979) and the concentration of this protein correlates with lysosomal fragility, suggesting that haemosiderin is responsible for the lysosomal disruption and hence for the tissue damage. How haemosiderin damages the lysosomal membrane is, however, unknown.
Membrane damage can be readily produced by peroxidation of membrane lipids, resulting in loss of the ordered structure. Peroxidation is mediated by free radicals and it is well known that these reactions can be catalysed by iron (Halliwell, 1978) . The present study sets out to investigate the activities of some of the enzymes involved in the protection of the cell from freeradical initiated reactions (Little & O'Brien, 1968;  McCay, Gibson, Fong & Hornbrook, 1976 ; Gutteridge, 1977) . The enzymes studied include superoxide dismutase, which dismutates the superoxide anion radical (O,.-) to hydrogen peroxide, which is then degraded to water and molecular oxygen by catalase or by glutathione peroxidase. Glutathione reductase reduces the oxidized glutathione formed by this reaction and completes the so-called glutathione cycle (Reed, 1969) .
Certain of these enzymes, at least in rat liver, have a dual subcellular localization and it is possible that selective loss of enzymes from only one of these sites may occur in the diseased tissue. Thus it is necessary to assay not only the total activity of enzyme in the liver biopsies but also to determine their intracellular distributions. In addition the concentrations of reduced and oxidized glutathione were measured in hepatic tissue from control subjects and patients with ironoverload.
Methods

Patient studies
Liver tissue was obtained percutaneously with a Menghini needle or by open biopsy at the time of splenectomy. Biopsies were collected from patients with either primary or secondary haemochromatosis. The latter group included those with thalassaemia major treated with a high transfusion regimen (Necheles, Chang, Sabbah & Whitten, 1974) and those with alcoholic liver disease accompanied by iron-overload. Control tissue was obtained from patients undergoing hepatic investigation who were subsequently found to have histologically normal liver with normal results for serum liver-function tests . Tissue homogenization and densitygradient centrifugation were performed exactly as described by Peters & Seymoue (1978a) . A further portion of the liver biopsy was processed for routine histological examination. These studies have been approved by the Hammersmith Hospital Ethical Committee.
Subcellular fractionation of rat liver
Rat liver (1 g) was homogenized with a type A pestle in a Dounce homogenizer in 10 ml of sucrose (0.25 mol/l). The homogenate was passed through a 50 pm filter to remove any cell clumps and fibrous tissue and a portion of the filtrate (2 ml) subjected to subcellular fractionation as described by Smith & Peters (1978) .
Determinations
Assay of oxidized and reduced glutathione. A second portion of the liver biopsy was immediately immersed in liquid nitrogen and stored until required for estimation of glutathione. Oxidized and reduced glutathione were determined by a modification of the fluorimetric method of Hissin & Hilf (1976) . The tissue was homogenized in sodium phosphate (0.08 mol/l)/disodium EDTA (4 mmol/l) buffer, pH 8.0, to which had been added orthophosphoric acid (0.54 mol/l). The homogenate was centrifuged at 100 000 g for 30 min at 4oc.
Reduced glutathione.
A portion (0.1 ml) of a 1 : 10 dilution of the 100 000 g supernatant was mixed with 1.8 ml of the phosphate/EDTA buffer and 0.1 ml of o-phthaldehyde (Sigma Chemical Co.) solution (7.5 mmol/l). The reaction mixture was left to stand at room temperature for 15 min and the fluorescence was determined 2t an excitation wavelength of 350 nm and an analyser wavelength of 420 nm, with a Perkin-Elmer fluorimeter model 204.
Oxidized glutathione. A portion (0-1 ml) of the 100000 g supernatant was incubated with 0.04 ml of N-ethylmaleimide (40 mmol/l) for 30 min at room temperature and then 0.86 ml of NaOH (0.1 mol/l) was added. After mixing, 0.1 ml of the solution was added to 1.8 ml of NaOH (0.1 mol/l) and 0.1 ml of 7.5 mmol/l o-phthaldehyde and the fluorescence was measured as above.
Enzyme analyses. Table 1 shows the assay conditions used for enzymic analysis of liver homogenates and of the density-gradient fractions. Protein was assayed fluorimetrically in the gradient fractions as described previously (Peters, Batt, Heath & Tilleray, 1976) and in the tissue homogenate by a modification of the Lowry procedure (Schacterle & Pollack, 1973) with bovine serum albumin as standard. Table 2 shows the specific activities of four enzymes in the four patient groups. There are no Glutathione reductase activities are not significantly different from control data in either alcoholic patients or those with primary haemochromatosis. Patients with secondary haemochromatosis, however, show a marked decrease in the specific activity of this enzyme. Glutathione peroxidase activities do not differ significantly from the control subjects for either the primary or secondary haemochromatosis groups. There is, however, a very. marked decrease in specific activity of the alcoholic group. Table 3 compares the hepatic enzyme activities in man with rat and shows that three of the enzyme activities are higher in the rat. Fig. 1 shows, for control human liver, the distribution in sucrose density gradients of the free-radical scavenging enzymes and of marker enzymes for the mitochondria and cytosol. Catalase has a soluble portion and a particulate peroxisomal component with a modal density 1.24. Superoxide dismutase also has a bimodal . Density   FIG. 1 . Isopycnic centrifugation of 6000 g-min supernatant from human liver biopsy homogenates from control subjects. Graphs show frequency-density histograms. Frequency (mean f SD) is defined as the fraction of total recovered activity in the gradient fraction divided by density span covered. The activity over the abscissa interval 1-05-1 -10 represents activity remaining in the sample layer presumed to reflect soluble activity. The percentage (~sD) of recovered activity for the patient group, with numbers of specimens analysed in parentheses, are: catalase 89 f 8 (14); lactate dehydrogenase 105 f 37 (6); superoxide dismutase 108 f 9 (8); glutathione reductase 85 f 4 (3); succinate dehydrogenase 108 f 6 (3); glutathione peroxidase 84 f 11 (3). 
Results
Enzyme activities in whole homogenates
Density-gradient experiments
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Glutathione reduclase
Glutathione peroxidare -peroxidase both have very distinct mitochondrial Discussion localizations in the rat, whereas in man these enzymes are almost exclusively cytosolic. For superoxide dismutase the proportions of soluble and mitochondria1 enzyme are similar in both species. Fig. 3 compares the enzyme distributions in sucrose gradients of hepatic extracts from control subjects and patients with iron-overload. There are no significant differences for any of the enzymes. Table 4 shows the concentrations of total, reduced and oxidized glutathione in hepatic biopsies from patients with secondary haemochromatosis compared with those from control subjects. There are no significant differences between the two groups of patients. Examination of the results attempting to correlate various enzyme or glutathione levels with degree of hepatic iron-loading showed no significant trends for the various patient groups.
Concentration of glutathione in human liver
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This paper reports the activities and subcellular distribution of enzymes implicated in the protection of cell components against peroxide or free-radical mediated damage in tissues of patients with iron-overload. Such mechanisms have been suggested by previous workers using a variety of systems in vitro and in vivo. Studies in vitro have clearly demonstrated the feasibility of such reactions, the best known being the Haber & Weiss (1934) reaction, particularly in the presence of iron-chelates (Halliwell, 1978; McCord & Day, 1978) . Free radicals generated in this manner have been shown to damage a variety of intracellular structures in vitro, including lysosomes (Chen & McCay, 1972; Fong, McCay, Pover, Keele & Misra, 1973) and microsomes (Wills, 1969). It has been clearly shown that membrane-lipid peroxidation is probably the result of these free-radical and peroxide mediated reactions (Pryor, 1973; Bors, Saran, Lengfelder, Spottl & Michel, 1974) and it has been tentatively suggested that iron-overload induces a similar has been suggested that the massive accumulation effect in viva of haemosiderin is the responsible iron-protein Previous studies from this laboratory have (Selden et al., 1980) . It is not known, however, implicated lysosomal disruption in the pathogenesis whether haemosiderin can catalyse these freeof the tissue damage (Peters & Seymour, 1976 In order to protect the intracellular components against these effects various free-radical scavenger enzymes and antioxidant systems are present. It is well recognized that reduced glutathione (GSH) plays an important protective role in a variety of reactions (Kosower, 1976) . In this process the glutathione is oxidized to the dimer GSSG and therefore a decrease in the concentration of GSH, or more sensitively a decrease in the GSH/GSSG ratio, would be expected if increased rate of free-radical production or lipid peroxide formation was present in iron-overloaded tissues (Hogberg, Orrenius & O'Brien, 1975) . The results described in this paper, however, do not suggest any abnormality in either the steady state of glutathione or in the associated enzymes in tissues from patients with gross hepatic ironoverload.
The enzymic analyses were performed on biopsy specimens from patients with alcoholic liver disease with iron-overload in an attempt to dissociate any effect of hepatic damage per se from that due to excess iron. Surprisingly, significantly decreased glutathione peroxidase activity was noted. No alteration was noted for glutathione reductase, whose activity was decreased only in secondary iron-overload. It has been suggested that alcoholic tissue damage is mediated by free radicals (Torrielli, Gabriel & Dianzani, 1978) and thus the decreased enzyme activities may play, indirectly, a pathogenic role in this condition. However, further evidence is needed before this hypothesis is substantiated. In addition, it is not clear whether the alterations in enzyme activities are merely secondary to the tissue damage, although this is unlikely since such alterations would also have been expected in tissue from patients with ironoverload.
Studies were also carried out to compare the intracellular distribution of these peroxide and free-radical scavenging enzymes in tissue from patients with iron-overload. Separate analysis of results from patients with primary or secondary haemochromatosis revealed no significant differences between these two subgroups. It is clear that as well as demonstrating no change in total enzyme activities, there was also no abnormality in the compartmentalization of these enzymes.
There are significant differences between the distribution and activities of the enzymes in the various subcellular fractions in human and rat liver. The total activities are decreased in human liver but probably more significant is the relative decrease in the mitochondrial component of glutathione reductase and particularly of glutathione peroxidase. Previous animal studies have clearly demonstrated a significant mitochondrial component of glutathione reductase and peroxidase (FlohC & Schlegel, 1971; Stults, Forstrum, Chiu & Tappel, 1977) .
The present results confirm these findings in the rat and clearly show a lower activity of glutathione reductase and a deficiency of glutathione peroxidase in human liver mitochondria. These results might explain why man is particularly susceptible to free-radical mediated damage. The frequent demonstration of lipofuscin, a collection of peroxidized lipids in human tissues, attests to this suggestion. Conversely the resistance of the rat to the pathological consequences of iron excess might be attributable to the higher activities of free-radical scavenging enzymes.
The absence of glutathione peroxidase from human mitochondria would also explain the susceptibility of this organelle to ultrastructural changes (Enat & Barzilai, 1977) in the DubinJohnson syndrome, a condition associated with a deficiency of mitochondrial superoxide dismutase (Peters & Seymour, 1978b) . Free radicals are intermediates of certain mitochondrial enzymic reactions (FlohC, Loschen, Azzi & Richter, 1977) and deficiency of superoxide dismutase leads to enhanced peroxide formation. The absence of glutathione cycle enzymes from human mitochondria would make this species particularly susceptible to this effect.
The mechanism therefore of the lysosomal disruption in haemochromatosis remains elusive. Although mechanical distension of these organelles by the dense aggregates of insoluble haemwiderin has a minor labilizing effect , this cannot account for the increased lysosomal enzyme activities and the specific effect of iron upon the hepatocyte lysosomes: clearly further studies are necessary. 
